After annealing at 1 273 K in UHV chamber to remove adsorbed molecule, the surface crystal structure and the composition of polycrystalline Fe 1Ϫx O were analyzed at room temperature using STM, LEED and AES. The Fe 1Ϫx O sample was prepared by oxidizing an polycrystalline electrolytic iron strip. The Fe 1Ϫx O surface consists of facets, where many steps like zig-zag shape are arranged. The mesh-like structure, of which periodicity is about 0.8-1.3 nm, was observed on the terrace. The facets are (001) planes of Fe 1Ϫx O, and the step direction is ͗110͘ by LEED measurement. The mesh-like structure is considered as the defect clusters derived from nonstoichiometry.
Introduction
On the reduction process of wüstite (Fe 1Ϫx O) as one of the intermediate products in the iron making processes, Yamashita et al. 1) has reported from the in-situ observation using a high temperature optical microscope that the reduction of Fe 1Ϫx O on the surface consists of complicated mechanisms which depend on the partial pressure of CO and reaction temperature. They concluded that the elementary steps controlling the reaction near the surface, e.g. adsorption and diffusion of CO gas, depend on the partial pressure and temperature. In order to verify the controlling steps of the reaction on the surface, however, the in-situ observation of the reduction of the Fe 1Ϫx O surface is required in a small scale of the nano order or atomic size. For the observation of the reaction on the surface in the nano order size, it is very important to clarify the atomic arrangements and defects on the surface in equilibrium.
The surface crystal structure of the Fe 1Ϫx O film grown on the Pt and Ru substrates was studied using a scanning tunnelling microscope (STM) or a low energy electron diffraction (LEED). [2] [3] [4] After annealing the bulk Fe substrates in an oxygen atmosphere (10
Ϫ8
-10 Ϫ9 atm), the Fe 1Ϫx O(001)-(1ϫ1) on Fe(001) [5] [6] [7] and Fe 1Ϫx O(111)-p(2ϫ2) on Fe(110) 8) were observed using LEED and Auger electron spectroscopy (AES) in the initial stage of oxidation. These surface structures may differ from the surface structure on the bulk Fe 1Ϫx O. The Fe 1Ϫx O films are so thin that the surface structures are affected by the strain caused by the misfit between the film and substrate. On the other hand, there are only limited reports on the surface crystal structure of bulk Fe 1Ϫx O. Nagata et al. 9) have observed three types of polycrystalline Fe 1Ϫx O surface with different concentration of Fe vacancy after annealing in ultra high vacuum (UHV) by STM. They found by the STM images that the Fe 1Ϫx O surface consists of a mesh-like structure (surface super lattices). However, those STM images may indicate electronic structures on the surface, that is, the density of states on Fermi level rather than atomic arrangements.
In this paper, the surface crystal structure and the composition of polycrystalline Fe 1Ϫx O after annealing in UHV were analyzed at room temperature using LEED, AES as well as STM.
Experimental Procedure

Sample Preparation
The Fe 1Ϫx O sample was prepared from the oxidation of an electrolytic iron strip (1 mmϫ25 mmϫ40 mm, 99.99% purity). The iron strip was suspended using a platinum wire in a SiC resistance furnace and equilibrated at 1 473 K for 48 h in the flowing gas mixture of CO 2 (45 mL/min) and CO (45 mL/min) (P CO 2 /P CO ϭ1, which is in equilibrium with the oxygen partial pressure of 1.1ϫ10 Ϫ11 atm). This condition was chosen to produce Fe 0.92 O from FeO-Fe 2 O 3 phase diagram.
10) The oxidized iron strip was then quenched to room temperature by dropping it to the bottom of the furnace and spraying argon gas onto it.
The phase and the lattice parameter of the oxidized sample were determined by using the XRD technique (Rigaku Co. RINT-TTR-3C/PC) and confirmd to be Fe 1Ϫx O. The lattice parameter of Fe 1Ϫx O was calculated by means of the Nelson-Riley function, using diffraction peaks of (111), (200), (220), (311), (222), (400), (331) and (420). The density of the Fe 1Ϫx O sample was determined by means of the Archimedean method.
The Fe 1Ϫx O sample was cut in pieces and polished with emery paper with several different grids and finally with diamond paste with a grain size of 0.5 mm. It was then rinsed in acetone using an ultrasonic bath for 30 min. 
Observation of Surface
The surface of the Fe 1Ϫx O sample was analyzed in an UHV chamber equipped with STM (Unisoku Co. USM-1100SX3) and LEED/AES optics (OCI Inc. BDL800IR). The Fe 1Ϫx O sample was annealed to obtain the clean surface at 1 273 K for 4 min under the total pressure of 1.3ϫ10
Ϫ6 Pa by passing a direct current through the sample. The temperature of the sample was measured by a twocolor pyrometer through the quartz window of the chamber. After the sample was rapidly cooled down to room temperature, STM, LEED and AES analyses were performed. The tungsten tips were fabricated by electochemical etching in an aqueous KOH. The tips were cleaned by electronic heat radiation in the UHV chamber (2.7ϫ10 Ϫ8 Pa) and were subsequently used for the STM observation. All STM data were obtained in the constant current mode. The incident electron beam for LEED was applied in perpendicular to the Fe 1Ϫx O surface, and the images of the LEED patterns were obtained using a digital camera. The same electron gun and the optical system were utilized for AES as well as LEED. The retarding field analyzer (RFA) was used for analyzing the electron energies. The total pressures during LEED and STM measurements were fixed in 2.7ϫ10 Ϫ8 and 5.3ϫ10
Ϫ9 Pa, respectively.
Results
Determination of x in Fe 1؊x O Sample
The polycrystalline iron oxide samples had the grain size of about 2-4 mm and were confirmed to be wüstite ( where d cal is the theoretical density that is derived from the lattice parameter, a 0 , d meas is the observed density that is determined by the Archimedian method, M VЉ is the mass percent concentration of Fe vacancy, and M i is molecular weight of component i. Table 1 shows the results of the calculation, and x is 0.10. x is estimated to be 0.08 in case of a 0 ϭ4.297 Å, which is the obtained lattice parameter, from the relationship between x and lattice parameter.
12) It was concluded that x of the sample used in the present study is Fe 0.91 O (i.e. xϭ0.09 (Ϯ0.01)). Figure 1 shows the AES spectrta of the Fe 0.91 O surface after annealing at 1 273 K in UHV. All peaks are assigned to the Fe and O spectra. After the heat treatment at 1 273 K in the UHV chamber, all contaminations were removed successfully to below the detection limit of the AES analyzer.
STM Image of Fe 0.91 O
The STM image of the Fe 0.91 O surface is shown in Fig. 2  and Fig. 3 . Many steps with the zigzag shaped edges were formed on the surface after annealing in Fig. 2 . The observed minimum step height was 0.5 nm in the present study. The step height ranged in 0.5 nm and 1.5 nm. The mesh-like structure was observed on the terrace. The periodicity of each mesh was about 0.8-1.3 nm, which is 2 to 3 fold longer than the lattice parameter of wüstite. The depth of the mesh has been measured as ca. 0.05 nm, however, in fact it may be deeper because the apex of tips has curvature. Though most of the edges of the steps were zigzag in shape, linear edges were sometimes observed as shown in Fig. 3 . The step height and the mesh-like structure on the terrace were the same as the crystals with the zigzag edges in Fig. 2. 
LEED Analysis
The LEED patterns from the Fe 0.91 O surface after anneal- ing is shown in Fig. 4 with the different beam energies. When the beam energy increases, two subsets of the spots individually move toward certain spots as the Ewald sphere becomes larger. Consequently, two subsets of the diffraction images, as indicated as A and B in Fig. 5 , were identified. The two spots which remained stationary throughout the experiment, whilst the other spots moved towards it, were labelled (00) for each set of diffraction pattern. Thus two sets of diffraction patterns appear to be superimposed in this figure. In other areas of the sample, more than 2 patterns were superimposed in the LEED patterns. In such cases, the incident electron beam might radiate several grains. The square lattice is the pattern from (001) plane of Fe 1Ϫx O which has the rock-salt type crystal structure. Therefore the streaks were parallel to ͗110͘ direction of Fe 1Ϫx O. No additional spots were observed except the basic reflection from (001) of the bulk wüstite.
Discussion
Facet Growth of Polycrystalline Fe 1؊x O Surface by Annealing
The only basic reflection from (001) of bulk is obtained in the LEED patterns of the polycrystalline Fe 1Ϫx O after annealing in UHV. The (001) facet was formed on the surface during the heat treatment. From the view point of electroneutrality, the (001) surface is the most stable structure in the case of rock-salt structure. Thus, each grain faces the (001) by forming the facet structure.
The streak in the LEED pattern is derived from the arrangement of parallel steps on the surface. When the steps are parallel with varying widths, the electrons scattered from the same terrace are in phase, however, the scattering from separate terraces are out-of-phase. In such a case, the diffraction spots can be streaked. 13) In the present study, it is considered that the step direction in the STM image is the ͗110͘ because the streaks sit along the square diffraction pattern. 14) The clusters are arrayed in lengths which are 2.5-2.7 times longer than the lattice parameter of the fundamental cell in a bulk.
15) The mesh-like structure may represent the density of states on the Fermi level of the defect clusters because the cluster periodicity is in agreement with the spacing of the 'mesh' in the STM image. At this stage it cannot be concluded that the meshlike structure is a result of surface topography or due to the density of states. The AES spectra revealed that the Fe 0.91 O surface consists of Fe and O atoms after annealing at 1 273 K in UHV. The surface structures on the bulk of the metallic iron 16, 17) and other compounds such as Fe 3 O 4 [18] [19] [20] [21] [22] and Fe 2 O 3 , [23] [24] [25] have been investigated on the various crystallographic orientations. None of these reported structures are in agreement with the results obtained in this study. Consequently, the Fe 0.91 O sample was not oxidized and reduced by annealing in UHV performed before the surface observation. The defects in Fe 1Ϫx O derived from nonstoichiometry make clusters 14) and these clusters may be observed as a mesh-like structure in the STM images. No clear spots attributed to the super-lattice may be appeared in the LEED patterns owing to the overlap of the patterns from several grains and the streak from many steps on the surface as the background.
Conclusion
The surface of the polycrystalline Fe 0.91 O after anealing at 1 273 K in UHV was observed using STM, LEED and AES. The (001) facet is formed, and many steps like zigzag shape in parallel with ͗110͘ is arranged on the Fe 0.91 O surface. The mesh-like superstructure, which is considered as the arrangement of the defect clusters, exists on the terrace with period of about 0.8-1.3 nm.
